ABSTRACT. Concerns about the cost-effectiveness of conservation monitoring prompt a reassessment of systematic aerial sample surveys, which have been widely applied to census wildlife and livestock in African savannas for more than 30 years. First, we use results from high-resolution sample surveys in Laikipia District (northern Kenya) to directly compare results from aerial total and sample surveys, showing few systematic differences in their estimates of wildlife abundance but great differences in cost and scope. Second, we quantify how the precision of population estimates is affected by survey resolution and species density. Results suggest that lower survey resolutions widely used in the past to census wildlife and livestock resources have been insufficient to reliably estimate all but the most abundant species. Third, we describe how sample survey data can be used to map the potential for human-wildlife conflict across large landscapes. High-resolution sample surveys in Laikipia have revealed causes and consequences of ecosystem change, advanced our understanding of ungulate population dynamics, guided wildlife management and conservation action, and increased confidence in sample survey methodology. However, further refinements in sample survey methods are needed to improve cost-effectiveness.
INTRODUCTION
There is a growing need to inventory and monitor wildlife resources as well as threats to those resources, for several reasons. One is to track the status of threatened and endangered species: Are they dwindling or recovering? Another is to ensure that exploited species are harvested sustainably. There is also a need to map the changing human "footprint" across landscapes since this is typically the principal threat to the extent and integrity of wildlife habitat. Finally, there is a need to evaluate the success of measures designed to achieve specific conservation targets (Stem et al., 2005) . Judging how best to allocate limited funds either to direct conservation actions or to monitoring the success of those actions is not straightforward (Tear et al., 2005) . Within this context of enhancing conservation efficiency, we reassess aspects of the utility and role of systematic aerial sample surveys as a tool for conservation monitoring.
Aerial sample surveys originated in Serengeti National Park in the early 1970s as an affordable way to monitor the rapidly growing wildebeest population (Sinclair and Norton-Griffiths, 1982) . The method was later refined to estimate the abundance of all large herbivores, both wild and domestic, and to map their distributions across vast regions (Norton-Griffiths, 1978) . For more than 30 years this monitoring method has been widely applied in African savannas to track wildlife and livestock dynamics (see Box 1 in the Introduction to this volume: Georgiadis, 2011:2) .
A reassessment of systematic sample surveys was prompted by several concerns. Increasing costs have sharpened questions about affordability and cost-effectiveness. Declining numbers and distributions of many wildlife populations call for data at ever increasing levels of spatial resolution, prompting questions about the precision of sample survey estimates and when precision is sufficient for specific conservation and management applications. Cutting costs by reducing survey resolution seems counterproductive, given its attendant penalties of diminished precision and spatial resolution. Another option is to increase resolution but limit the spatial extent of surveys to areas of particular concern. A compromise is to stratify surveys, covering different areas at different resolutions. A final option is to abandon aerial surveys entirely. Other than some initial attention to these issues (International Livestock Centre for Africa, 1981; Redfern et al., 2002) , little quantitative information has been published that helps us choose among available options.
We address these issues empirically, using results from high-resolution sample surveys that have guided the conservation and management of large herbivores in Laikipia District (northern Kenya) for more than two decades. We begin with a direct comparison of results from aerial total and sample counts of wildlife in Laikipia District, discussing their strengths and weaknesses. We then show how the precision of population estimates from sample surveys is affected by survey resolution and species density, inferring thresholds at which density may be too low to yield reliable results. Finally, we describe a simple but instructive application of sample survey data, in which the spatial proximity of wildlife and human attributes is used to map the potential for human-wildlife conflict. Further refinements in sample survey methods are suggested to improve cost-effectiveness and conservation applications.
COMPARING RESULTS FROM TOTAL AND SAMPLE COUNTS, AND SEASONAL EFFECTS ON VISIBILITY BIAS
Sample surveys have provided an unparalleled record of wildlife and livestock dynamics in Kenya since 1977 (Georgiadis, 2011, this volume:2 [Box 1] ). However, reservations about the reliability of sample surveys have persisted, resulting from several surveys that appeared to yield wildly inaccurate results. Such reservations prompted a census of wild herbivores in Laikipia District in September 1996 by total aerial counting, a more expensive method, but with greater intuitive expectation among nonscientists to yield accurate results. A high-resolution sample survey covering the same area followed only five months later, in February 1997. The two censuses by different methods were sufficiently close in time for actual changes in wildlife numbers to be minor and for differences in population estimates to be largely due to counting method (elephants were omitted from the comparison as the only species capable of migrating in or out of the study area in the interim). This provided a rare opportunity to directly compare population estimates obtained from total and sample surveys over a relatively large area.
Our "null" expectation was that results from these surveys should not be identical. We expected sample surveys to yield slightly higher estimates than total counts for two reasons. First, searching efficiency by observers should be higher within the narrow (150 m) strip transects of a sample survey than in a total count, in which the effective strip width may be up to 1000 m wide. Second, in a total aerial count there is always a strip underneath the aircraft that is obscured, contributing further to an undercount. Consequently, more individuals should be missed in a total count than a sample survey.
Given that the total count took place during a wet phase and the sample survey took place during a dry phase, seasonal factors such as background foliage density and color may also have biased the results because of changes in observer visibility (Redfern et al., 2002 ). An opportunity to test the effect of season on visibility, without the confounding influence of different survey methods, was afforded by an identical sample survey conducted in June 1997, just five months after the dry season sample survey in February 1997. This coincided with the wettest El Niño event on record. Since Laikipia District is effectively a closed system for wild herbivores (excepting elephants), differences in population estimates between February and June 1997 would more likely reflect a seasonal visibility bias than actual population changes.
total counting Method:
Over three days in September 1996, numbers of wild ungulate species were counted over an area of about 7,000 km 2 within Laikipia District, using 10 aircraft, all but one provided and crewed by local landowners (Kenya Wildlife Service provided one aircraft, and the U.S. Agency for International Development (USAID) provided fuel). To cut costs, areas with little or no wildlife (partially cultivated land in southwestern Laikipia) were omitted from the survey zone. Counting was organized by dividing the survey zone into three sections, with one section counted per day. Within each section, daily counting blocks of 200-500 km 2 were allocated to each aircraft. Counting began at around 0700 local time and ended before 1030 in the morning, and it took place again between 1530 and 1830 in the evening. Blocks were searched systematically, using transects separated by 1-2 km from a height of 75-122 m above ground. Flight paths were tracked using Trimble GPS, and the locations of all herds were recorded as numbered waypoints (Figure 1 , top left, bottom left). Flight paths and waypoint maps were printed out immediately upon landing and handed back to crews for checking and annotation so that overlaps and double counts between adjacent blocks could be identified and corrected.
sample survey Method: Aerial sample surveys of Laikipia District were carried out using one or two high-wing, twin-engine Partenavia P68s, each with a crew of four, consisting of the pilot, a front seat observer (FSO), and two rear seat observers (RSO). Topographic sheets of scale 1:250,000 were used in preflight planning to define the survey area boundary and the location of parallel transects, oriented north-south, each separated by a fixed distance (5 km for a low-resolution survey or 2.5 km for a high-resolution survey). Flying at about 190 km/h and at a height above the ground of 122 m (using a radar altimeter), the pilot navigated transects oriented northsouth using GPS. Observers counted animals that fell within narrow strips of known width (150 m) on either side of the aircraft, defined by rods attached to the wing struts. Both wild and domestic herbivore species were counted, including cattle, donkeys, camels, and sheep and goats, the latter two treated as a single "species" because they cannot be distinguished from the air. Herds of 10 or fewer animals were counted directly. Herds exceeding 10 animals were estimated and obliquely photographed using 35 mm digital cameras for subsequent counting. Since the sampling fraction is known (about 6.25% of the area for transects separated by 5 km or 12.5% for 2.5 km transect spacing), population estimates within the entire survey zone can be extrapolated from densities estimated within strip transects. Transects were subdivided into 5 km sections using GPS, defining survey subunits of 2.5 × 5 km or 5 × 5 km. Human dwellings were also counted, and the presence of cultivation was recorded, the spread of both indicative of human population trends and loss of wildlife habitat. The spatial location of all observations within a given subunit was assigned to the center point of the subunit (Figure 1 , top right, bottom right).
Although the sample survey covered the entirety of Laikipia District, the total count omitted parts with low or zero wildlife densities. To allow a direct comparison with total count results, sample survey results were adjusted such that the same zone was covered in both counts.
Results: Population estimates from sample and total counts differed by <23% for all but two species ( Figure 2a ; dotted line is x = y; solid line is the least squares regression: ln(y) = 0.93.ln(x)+0.69; r 2 = 0.94, n = 11). Estimates for oryx and Grant's gazelle differed by 89% and 67%, respectively. As expected, estimates for all but one species (Thompson's gazelle) were greater from the sample survey than from the total count, an outcome unlikely to be caused by chance (P = 0.01). However, this bias was not great, yielding a regression with a slope not significantly different from unity and an intercept not significantly greater than zero (P > 0.33, n = 11).
Comparing results from dry and wet season sample surveys, population estimates were again in fair agreement ( Figure 2b ; bars denote standard errors; solid line is least squares regression: ln(y) = 0.96.ln(x)+0.32; r 2 = 0.97, n = 11), differing by <23% for all species except eland (31.2%) and buffalo (37.1%). Once again, there was no overall bias, in that neither the regression slope nor intercept differed significantly from 0 or 1, respectively (P > 0.63, n = 11). However, this agreement could have resulted from opposing biases for individual species canceling each other out. discussion:
Neither total nor sample surveys necessarily yield accurate population estimates. Both methods tend to yield undercounts, with bias varying among species, observers, and habitats (Caughley, 1974; East, 1999; Redfern et al., 2002) . For example, underestimates of more than 50% are not uncommon for impala in woodland (their preferred habitat). In this comparison, undercounting bias appeared to be slightly greater in the total count than the sample survey, as expected, but on average, differences were not large. However, comparison of additional factors, such as cost and the scope of information provided, revealed huge differences in favor of sample surveys. Compared to total counts, for example, costs of sample surveys diminish by a factor related FIGURE 1. Comparison of results from a total count and a sample survey of wild herbivores in Laikipia District. Top left: Combined flight paths of 10 aircraft involved in the total count of herbivores in September 1996, transects spaced 1-2 km apart (low-density areas omitted). Top right: Flight path of the single aircraft used to conduct a high-resolution sample survey in February 2007, transects spaced 2.5 km apart (only the restricted zone in vicinity of Nanyuki Air Force Base in southeast was excluded). Bottom left: Relative size and distribution of herbivore herds resulting from the total count. Bottom right: Impression of herbivore relative abundance and distribution from the sample survey. In the latter, animals are featured only if they were observed within strip transects having a combined width of 300 m. The sample survey yielded a realistic impression of wildlife distribution at less than half the cost of the total count. to transect spacing (e.g., by about 60% for a survey with 2.5 km transect spacing, as in this case). Perhaps most importantly, whereas only wildlife species can typically be censused in a total count, livestock, human settlement of various kinds, cultivation, and many other variables can also be censused in a sample survey. For wildlife conservation in nonprotected landscapes, tracking human and livestock attributes is vital because they present the principal conservation threats (see below). At least for abundant herbivore species, these comparisons should enhance confidence that total counts and sample surveys yield population estimates that do not differ greatly or in unexpected ways, at least for abundant species. In many ways, aerial total counts can be viewed as a special kind of sample survey, with narrowly spaced transects and wide counting strips, but lacking any estimate of precision. Focusing on sample surveys for the remainder of this chapter, we highlight the importance of this omission.
optimizing sAmple survey resolution
Population estimates from sample surveys are often used to guide conservation and management actions. Rarely, however, is the precision of those estimates assessed as to its adequacy for a given application. Precision is especially important when census results are used to set harvesting rates, as they were in Laikipia from 1997 to 2003, because periodic overestimates due to random sampling errors can lead to overharvesting, even if population estimates are unbiased (Milner-Gulland et al., 2001 ). However, the tendency for sample surveys to yield underestimates reduces the likelihood that harvest rates based on sample survey results will lead to overharvesting. Precision is also important when seeking trends in low-density species, for which variances associated with population estimates are inevitably high. In this section we describe an empirical approach used to assess the precision of population estimates for ungulates in Laikipia District. Specifically, we show how precision varies with survey resolution (transect spacing) and animal abundance (density).
Methods: Data were used from seven highresolution sample surveys (2.5 km transect spacing) across the entirety of Laikipia District. The first survey was in 1991; there were two in 1997 (discussed in the section above) and others in 1999, 2001, 2003, and 2004 . In each case, a second set of population estimates was generated as if they were from low-resolution surveys (5 km transect spacing) simply by omitting alternating transects from the high-resolution data.
Results:
A way to visualize how population estimates vary with survey resolution is to plot, for each species in each survey, the ratio of estimates made at low and at high resolution against estimated density at high resolution (Figure 3a ). The overall pattern shows this ratio varying widely at low densities but converging on unity at higher densities. This is the expected pattern, given the inflation in sampling error for low-density species. At least in Laikipia, estimates made at high and low resolution can diverge markedly (by >40%) for species with densities less than about 1 individual per km 2 . This threshold density was exceeded only by the three most abundant species (sheep and goats, cattle, and plains zebra).
At low resolution, a density of 1 individual per km 2 corresponds to a proportional standard error of, on average, about 20%, a subjective threshold commonly considered to be a working limit for management purposes (Figure 3b ). The density associated with this level of precision at high resolution was, on average, 0.17 km −2 ( Figure  3b ). Doubling the survey resolution from 5 to 2.5 km between transects therefore improved by more than fivefold the threshold density at which relatively stable population estimates could be expected.
discussion: This assessment of precision served to validate the Laikipia Wildlife Forum's choice of higher-resolution sample surveys to guide the conservation and management of wild herbivores in Laikipia District. In addition to the one wild species abundant enough to be reliably censused at low resolution (plains zebra), eight additional species had mean densities exceeding the lower threshold afforded by high-resolution surveys. Estimates for impala, Grant's and Thomson's gazelles, buffalo, and eland were used to set harvesting quotas. Estimates for giraffe, hartebeest, and waterbuck revealed declining trends (Georgiadis et al., 2007b) . Estimates for species with mean densities <0.17 km 2 (Grevy's zebra, warthog, kudu, oryx, and gerenuk) were considered to vary too widely to guide conservation action reliably.
The choice of high-resolution surveys was further validated by modeling analyses based on sample survey data, which provided mechanistic insights into the causes of observed herbivore population dynamics and guidelines for harvesting. For example, a simulation model established that plains zebra dynamics in Laikipia District were driven by an interaction between annual rainfall and zebra density (Figure 4 ; details in Georgiadis et al., 2003) . Best fit solutions were fit to data from 1985 to 1999 for two alternative models, one purely rainfall dependent (RD; thin line) and the other rainfall mediated, density dependent (RMDD; thick line). Both were able to reconstruct the population history from 1985 to 1999 reasonably well.
However, when both models were projected beyond 1999 (gray dots and lines), with census estimates and model predictions independent of each other, the RD model deviated progressively from the census series (thin gray line), but the RMDD model continued to perform quite well (thick gray line). The RMDD model suggests how "equilibrial" (density-related) and "nonequilibrial" (rainfall-related) factors interact in the bottom-up control of a savanna ungulate population.
Linear modeling also implicated rainfall or population density in the dynamics of other abundant species, and predators were implicated in the decline of less-abundant species (Georgiadis et al., 2007a (Georgiadis et al., , 2007b . To our knowledge, this was the first time that results of sample surveys have been used to suggest causality in the dynamics of an ungulate community.
mApping the potentiAl for humAn-wildlife conflict Human-wildlife conflict (HWC) is not only a liability to people, most of whom cannot afford crop or livestock losses to wildlife, it is also a severe threat to conservation. Where they are opposed, human interests almost invariably prevail over wildlife interests over the long term. Understanding and reducing HWC is therefore a conservation priority in human-occupied landscapes. In this section we show how a snapshot of the potential for HWC can be mapped across a landscape using sample survey data and a few simple assumptions. Our first assumption was that conflict (or at least the potential for conflict) increases with geographical proximity between wildlife and one or more of the human-related elements of conflict, namely, livestock, cultivation, and habitation. For example, cooccurrence of wild herbivores with cultivation in the same subunit raises the potential for crop raiding or signals loss of wildlife habitat. Likewise, co-occurrence of wildlife with human habitation implies conflicting land use and loss of habitat. Finally, co-occurrence of wild herbivores with livestock implies competition for forage or the presence of predators that could prey on livestock. This approach was used to map the potential for different types of HWC on different types of land use in Laikipia District and to record how patterns of potential conflict changed over time.
Methods: Presence or absence of wildlife, livestock, habitation, and cultivation in each survey subunit (2.5 × 5 km) from six high-resolution sample surveys conducted between 1991 and 2003 were used for this analysis. Within each survey, three principal land use types were distinguished. Pro-wildlife properties are large-scale, private holdings on which wildlife is actively favored, often as the basis for ecotourism. Group ranches are large-scale holdings communally owned by a registered group of families, mostly practicing pastoralism. Transitional properties were formerly large-scale farms or ranches that have been subdivided into small plots (1-10 ha), with titles sold to thousands of smallholders, only some of which have been occupied and cultivated when rainfall permits. Where not occupied by the owner, many transitional properties are grazed by pastoralists. Larger properties that either only tolerate or actively discourage wildlife were included in this category. For each survey, co-occurrences within each subunit of wildlife with other elements of HWC (livestock, cultivation, and settlement) were tallied using geographic information systems (GIS).
The potential for different types of conflict varied markedly across the landscape and among different land uses in Laikipia (Figure 5a , Table 1 ). By definition, there was little or no potential for HWC wherever wildlife was rare or absent, as in southwest Laikipia, or where wildlife was abundant and conflicting human attributes relatively uncommon, as on the pro-wildlife properties. The potential for crop raiding (co-occurrence of wildlife with cultivation) was prevalent in sectors of southern Laikipia where wildlife is still present and cultivation is possible in wet seasons. In contrast, the potential for predation on or competition with livestock (co-occurrence of wildlife with livestock) was more prevalent in drier areas, especially on group ranches and transitional areas adjacent to pro-wildlife properties.
The potential for HWC tended to decline between 1991 and 2003, particularly between wildlife and livestock on all property types (Table 1 ; also compare results for the first and last survey in Figure 5 ). At first impression, this decline may appear to signal a conservation success, but closer scrutiny of changing distribution patterns for each of the components of conflict showed the cause to be a steady shrinking of wildlife distribution, significantly so on transitional and group ranches (see wildlife-only column in Table  1 ). Agriculture, settlement, and especially livestock tended to increase over time on transitional properties, but wildlife declined markedly. On pro-wildlife and group ranch properties a different pattern of change was evident over the same period, in that not only wildlife but also livestock tended to decline, although not significantly (Table 1) .
discussion: Data routinely collected in aerial sample surveys were used to derive a plausible impression of the potential for HWC in Laikipia District and how it has changed over space and time. Validation of this impression was provided by an independent study of the actual incidence of HWC in Laikipia, in which the location and type of incident (livestock predation, crop raiding, infrastructure damage, etc.) were systematically recorded in a dedicated database, known as the Ewaso Incident Reporting System. The potential for HWC was in fair agreement with the observed distribution of incidents, with livestock predation occurring largely on group ranches adjacent to pro-wildlife properties and crop-raiding incidents scattered mostly across transitional properties in southern and western Laikipia (compare Figure 5b and 5c ). The only exception was a cluster of crop-raiding incidents around Rumuruti forest in southwestern Laikipia. These incidents were caused by elephants that inhabited the forest during the day and raided crops in adjacent fields at night. This pattern did not feature in the potential HWC map because elephants were not detected under the forest canopy during sample surveys.
Opposing trends in the spatial prevalence of livestock on transitional and pro-wildlife ranches suggest different factors contributed to declines in wildlife abundance on different land use types. Increasing livestock abundance, particularly of sheep and goats, probably displaced wildlife on transitional properties over the last decade (Georgiadis et al., 2007b) . In contrast, the most likely cause of wildlife decline on pro-wildlife properties and, to a lesser extent, on adjacent group ranches as well turned out to be the restoration of predators (Georgiadis et al., 2007a) .
This validated example enhances confidence that sample survey data, especially at high resolution, can provide a reliable impression of the potential for and distribution of human-wildlife conflict. A more exacting spatial analysis using actual figures rather than presence/absence data may provide further insights into spatial and temporal dynamics of potential conflict wherever wildlife share the landscape with humans and livestock. 
CONCLUSIONS AND RECOMMENDATIONS
We used data collected in Laikipia District over two decades to assess the utility of aerial sample surveys for monitoring wildlife and human attributes across large landscapes, understanding wildlife dynamics, and guiding conservation action. A direct comparison between results from sample surveys and total counts showed relatively minor differences in population estimates but great reductions in cost and a substantial increase in the scope and utility of variables that can be monitored with sample surveys. An assessment of precision suggested that survey resolutions widely used in the past to census wildlife and livestock resources in Kenya have been high enough to estimate reliably only the most abundant species or combinations of species, such as "all wildlife." This, in turn, suggests that persistent reservations about the reliability of sample surveys are largely due to a tendency to accept population estimates at face value, without accounting for degrees of precision. Finally, we described how sample survey data can provide a useful impression of the spatial incidence of different types of human-wildlife conflict across a landscape. Overall, data from higherresolution sample surveys in Laikipia have advanced our understanding of ungulate population dynamics, revealed causes and consequences of ecosystem change, provided a quantitative basis for consumptive management of wild ungulates, and guided conservation action (Georgiadis et al., 2003 (Georgiadis et al., , 2007a (Georgiadis et al., , 2007b . This assessment should improve confidence in the validity and utility of sample surveys.
Conservation challenges in Laikipia District are echoed across much of Kenya's rangelands, where, in theory at least, regular high-resolution sample surveys would likewise yield sufficient information for conservation and management purposes. However, costs of monitoring all of Kenya's rangeland districts at higher resolution would be prohibitive, particularly with escalating fuel prices. Survey costs in Laikipia were largely born by donors and will continue to be for the foreseeable future. It is unlikely that survey costs somehow could be met from income generated by wildlife enterprises, landholders, or conservation authorities in this or any other region. a Trends over time in the incidence of these elements of human-wildlife conflict are indicated by correlation coefficients (r) between these percentages and survey date (proportional data were root/arcsine-transformed for analysis; n = 6 in all cases; an asterisk (*) denotes significance at α = 0.05; a dash denotes statistic is not applicable). The analysis suggests several changes in monitoring methodology would enhance the utility of sample surveys. First, a more precise record of change would be generated by a shift from lower-resolution surveys done relatively frequently to higher-resolution surveys done less frequently. Second, sample survey methods should be tailored to conservation needs in nonprotected areas, where awareness about the distribution, activities, and impact of humanity is vital to conservation. In particular, tasks assigned to the FSO in sample surveys should be reviewed and revised. For example, we have found that subjective estimates of woody vegetation cover by the FSO are not reliable (comparing woody cover estimates for individual subunits over time, there was no correspondence from one survey to the next). Instead, the FSO could collect more refined data on human activities, especially the type and spatial extent of habitation and cultivation. Third, a further improvement at no added cost would be to double survey resolution by dividing 2.5 × 5 km subunits in half to yield a 2.5 × 2.5 km grid, a logistical problem involving doubling the frequency of GPS readings. Fourth, electronic advances are available that could greatly increase the amount of imaging information collected automatically along transects, for example, with vertically and obliquely mounted digital cameras taking georeferenced images.
Land
Finally, an ongoing collaboration between the Department of Resource Surveys and Remote Sensing and Mpala Research Centre aims to add distance sampling methodology (Buckland et al., 2001 ) to aerial sample surveys (M. Kinnaird, Mpala Research Centre, personal communication, 2007) . Application of this relatively recent method could improve both precision and accuracy of population estimates from sample surveys while reducing costs. Distance sampling differs from the method currently used primarily by quantifying, and correcting for, the decline in visibility of counted objects with distance from the observer (that is, the ability of the observer to detect and count objects). In distance sampling, therefore, accuracy of the population estimate is improved by applying an empirically derived "detection function," which allows a correction for individuals missed by the observer. Ideally, different detection functions are applied for different habitat types (e.g., open grassland versus woodland) and even different species. Precision may be improved with this approach because sampling strip width is increased, allowing a greater fraction of the survey area to be sampled. Costs are reduced because fewer transects can be flown for the same degree of precision. To map areas of human-wildlife conflict, survey stratification may be necessary, such that rapidly changing areas would be covered at higher resolution. Initial capital investment for refining these enhancements would be high, not least because both types of survey would have to be run simultaneously in order to compare them directly. However, this cost would be justified by the improved quality of information gathered thereafter.
